Near-normal incidence reflectance spectra relative to water were measured throughout the 310 to 5000 cm-I spectral region for 0. N(v) are presented in graphical and tabular form. The spectra were further analyzed to determine the central frequencies, half-widths, and strengths of infrared bands due to intra-and intermolecular vibrational modes of liquid water and intramolecular vibrational modes of NO]. H 3 0+, and HNO J •
I. INTRODUCTION
In this paper we present measurements of relative infrared reflectance spectra, computed values of spectral complex refractive index N(v) '" n(v) + ik(v) , central wave number positions v max of infrared vibrational bands, and measured strengths Sb for selected bandS observed in 0.5, 1, 2, 4, 8, and 15.7 M aqueous solutions of nitric acid. The band strength Sb is defined as Sb"'.!... ( k(v) dv,
where Po is the molecular density (molecules/cm 3 ), v is wave number, and the integral is evaluated over the full spectral width of the band. There have been many previous investigations of the infrared and Raman spectra of nitric acid. None of the previous investigations, however, were of the reflectance spectra, and none presented spectral values of N(v) for liquid nitric acid.
Investigations, prior to 1960, of the infrared and Raman spectra of nitric acid were previously reviewed and summarized by Stern et al. 1 Some structural features of the HN0 3 molecule were not well known at that time, and the molecule was therefore treated by some investigators as an O'N0 2 planar system belonging to the C 2v point group. Thus there were several discrepancies in assignment of the fundamental vibrational bands of HN0 3 • In 1965 McGraw et al. 2 reported a normal coordinate analysis of a planar nitric acid molecule belonging to the C& point group and possessing the structure shown in Fig. 1 . Such a molecule has nine fundamental vibrational modes. Seven modes are in-plane A' species and two modes are out-of-plane A" species. All modes are active in the infrared and Raman spectra. McGraw et al. compared the infrared absorption spectrum of nitricacid vapor with results from the normal coordinate ana,lysis. They made assignments of the nine fundamental bands and of several overtone and combination bands. Their assignments of the fundamental bands for nitricacid vapor are valid yet today and are presented in the first, second, and fourth columns of Table I .
The assignment of infrared and Raman vibrational bands for aqueous solutions of nitric acid is more difficult for at least three reasons. One, the HN0 3 monomer per se probably does not exist in the hydrogennitric acid are presented in Table II . The concentrations of products of the dissociation were determined by use of Eq. (2) and the dissociation curve shown in Fig. 2 .
Aqueous solutions of intermediate nitric-acid concentration (8-20 M), however, have Raman 2 ,3 and infrared s ,6 spectra closely similar to that of the vapor. In the spectra of the liquids there are also other vibrational bands observed which correspond to the dissociation products and to the liquid water. Previous assignments by McGraw et al. 12 of fundamental vibrational bands based on Raman spectra of anhydrous nitric acid (-24 M) and aqueous solutions containing 95% (22,5 M) and 60% (13 M) nitric acid are shown in the first, third, and fourth columns of Table I .
II. EXPERIMENTAL METHODS AND RESULTS
Experimental methods for acquisition of the nearnormal incidence relative infrared reflectance spectra of the nitric-acid solutions were similar to those described in a previous paper. 7 The relative reflectance spectra thus obtained are presented in Figs. 3 Table III .
B. Nitric-acid solutions
The molar concentrations of molecular constituients HNO a , HaO', NOi, and H 2 0 for the nitric-acid solutions are listed in Table II -----...----,----;---r-- and v 4 (E) modes of NO; are quite weak. They were not observable in previous infrared reflectance spectra 12 of 0.5 M solutions of NaN0 3 • The V2(A2) and v 4 (E) modes, however, were observed during the present investigation in the spectra for the 8 and 15.7 M solUtions, e.g., see Fig. 8 for very weak bands at 820 and 730 cm -1. The HP' ion is pyramidal with C 3v point-group symmetry, and thus possesE\es four infrared active intramolecular vibrational modes IJ 1 (A 1 ), IJ 2 (A 1 ), IJ 3 (E) , and IJ 4 (E). The IJ 1 (A 1 ) and IJ 3 (E) bands are very broad and extend from about 2650 to 3380 cm -1. They were not observed specifically in the present spectra for the nitric acid solutions because the IJ 1 , IJ 3 , and 2IJ 2 modes for H 2 0 occur in the same spectral region. The IJ 2 (A 1 ) band of H 3 0' occurs at a central frequency IJ mu = 1210 ±40 cm-1 in the spectrum for the 8 M solUtion, and is best observed as a low-frequency shoulder on the IJ 4 (A ' ) band of HN0 3 which is discussed in the following paragraph. The presence of the IJ 2 (A 1 ) band is also notable in the spectra for all the other solutions, e.g., see IJ 4 (E) bands of HP' are listed in Table III .
The structure of the HN0 3 molecule was discussed in Sec. I. Intramolecular vibrational bands associated with HN0 3 were particular ly evident in the spectra for the 8 and 15.7 M solutions. Of the nine intramolecular bands only the IJj(A') and IJg(A") bands were not clearly identified. Both of these bands occur in spectral regions where liquid water 2,tso has bands. The IJ 7 (A ' ) band at central frequency IJ max = 634 ± 2 cm -1 was the weakest band of HN0 3 that was observed. The IJ 7 (A ') band, however, was not resolved to the extent that its band strength c could be measured. Parameters IJ max , r, and Sb for the six other bands were measured and appear in Table III. The band strengths Sb were determined from graphs such as those in Fig. 8 by manual decomposition of overlapping bands when necessary, by subtracting the continuum absorption, and by use of a manual planimeter. The strength of the IJ 4 (E) band of H 3 0' was determined by planimetering only the high-frequency half of the band and multiplying the result by a factor of 2. The strength of the IJ 2 (A ' ) band of HN0 3 was determined by planimeter- This investigation did not seek answers to the tougher questions about nitric acid in solutions, such as what is the structure of the hydrogen bonding, and are there HN0 3 dimers or higher polymers in the solutions. In this regard, our data show a broad band from about 2000 to 3800 cm -I, and in the region 2000 to 3500 cm- I , k(v) hardly varies. This extreme broading in the OH stretching region, for the more concentrated solutions, may possibly mean there are a variety of different OH vibrating systems. Such broading of the OH bands may possibly be related to dimerization or polymerization. However, perturbations on the OH oscillators by the ionic constituients can also cause broading and shifting of the OH vibrational modes, and the presence of H 3 0' assures that broad OH bands will be observed in the 2000-3500 cm-I region.
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